Condition monitoring of power transformers improves the reliability and the safety of an electrical power network. It protects the transformers from failures, and avoids huge revenue loss to utilities and customers. The health status of transformers is decided by several influencing factors. An accurate health assessment of transformers has been a challenging task for the researchers as well as the transformer diagnostic experts. In the present paper, a new fuzzy logic model is proposed to assess the impact of all such factors on the overall health index of the transformers, and in turn their health status. It incorporates the information obtained from various attributes which have been categorized into four different groups namely, transformers tests and measurements, visual inspection, maintenance and operation history, and design and fabrication. These attributes are initially assigned appropriate scores based on their present status/condition. Further, the proposed fuzzy logic model is developed based on the total scores attained by the four design categories. The present analysis avoids the over impact of the attributes thereby resulting in a more reliable and accurate health index of transformers. It overcomes the shortcomings of the conventional health assessment methods of transformers.
Introduction
Power transformers are the most significant devices in substations, and play an important role in electricity transmission. Abnormalities if present in transformers accelerate their aging process. It may finally lead to failure of transformers resulting in a big revenue loss not only to utilities but also to customers [1, 2] . Therefore, the health assessment of transformers has gained an immense importance in recent years [3] . Very often it is observed from the literature that the transformers health condition has been mainly assessed based on the information extracted from solid and liquid insulations [4] . Aging of these insulations accumulates various gasses into the transformer oil. The concentrations of these gasses are normally measured by the dissolved gas analysis (DGA) which is a prominent diagnostic test for the transformers. The concentrations of these dissolved gasses have been further utilized to determine the health condition as well as the type of incipient fault present in transformers [5] . Several conventional methods such as Key gas [6] , Rogers ratios [7] , [8] , Duval Triangle [9] , [10] , Dornenburg ratios [11] , [12] , modified Rogers ratios [10] , [11] and IEC/IEEE ratio code methods [12] , [13] have been developed and reported in literature for an interpretation of these dissolved gasses. Also the other tests such as break down voltage (BDV), water content, degree of polymerization (DP) and furan content (FC) of solid insulation, partial discharge (PD), tensile strength (TS), interfacial tension (IFT), flash point (FP), bushing tests, tap changer tests etc. have been utilized to assess the present health status of the transformers [14] [15] [16] . Each of these tests has its own importance in determining the health of the transformers. During the past few years, various fuzzy logic models have been developed based on one or fewer of these diagnostic tests, to determine the overall health index of the transformers [17] [18] [19] [20] . Fuzzy logic is a very helpful tool to determine the health index of power transformers [18] . It is a logical system that provides a very convenient method to map the input to the output through linguistic rules formed from human understanding rather than stringent mathematical models [17] . It can integrate the tests data of the transformers and the experience of transformer diagnosis experts.
It facilitates more reliable and accurate decision making of the health condition of transformers [19, 20] . The power of fuzzy logic is most evident during the operation and inference stages of a process, deriving new results that then provide progressively more precise information about the actual condition of the equipment [19] . Moreover, fuzzy logic is useful for managing uncertain and vague information. Hence, fuzzy logic is an ideal tool for managing imprecise and vague information in the real world [18] . Health index quantifies the equipment condition based on long-term degradation factors thus cumulatively leading to an end of the life of the asset [17] . Although the fuzzy models developed earlier have their own importance in determining the overall health index of transformers, however none of them consider the impact of all factors which affect the health condition of the transformers [18, 19] . An accurate health assessment of transformers not only depends on its insulation test results but also on several other factors corresponding to design and fabrication, maintenance and operating history, visual inspection etc. [20] [21] [22] . Consequently, there is a need for a new approach which assesses the impact of all influencing attributes of transformers. This task has been accomplished in the present paper.
In the present paper, a new fuzzy logic (FL) model is proposed to determine the overall health condition of transformers based on the data gathered from their several influencing factors. The attributes of transformers have been classified into four categories. Further each of the attributes has been subdivided into four groups namely, low, medium, high and very high. Thereby, a new fuzzy logic model is designed based on the total ranges obtained for each of the four categories. Twenty-five transformers operated by Himachal Pradesh State Electricity Board, India were tested and examined to prove the validity and efficiency of the proposed model. The proposed fuzzy model can enhance the performance and operational capability of the transformers.
Transformer Attributes
Multi-attributes analysis integrates the information obtained from several factors of transformers [23] . In this method, the various attributes of transformers have been categorized into four groups viz. tests and measurements (A 1 ), visual inspection (A 2 ), maintenance and operation history (A 3 ), and design and fabrication (A 4 ). According to these four categories, a total of thirty attributes given in Table 1 have been identified [24] [25] [26] . It is observed from literature that the health assessment of transformers mainly depends on several diagnostic tests and measurements. The significance and interpretations of these diagnostic tests can be found in [24, 25] . A few of these tests and measurements are discussed in the subsequent paragraphs. Dissolved gas analysis is the most widely performed test to determine the health condition of the transformers, and to identify the incipient faults present within transformers. In this test, the total dissolved combustible gas (TDCG) concentration specifies the overall condition of transformer [11] . The maximum voltage that can be applied across the insulation without any electrical breakdown is called as dielectric strength of insulation [9] . Any significant reduction in the dielectric strength indicates that the oil is no longer capable of performing its vital function. The degree of polymerization and furan content test of transformers decide the health status of their solid insulation [19] . When a cellulose molecule breaks into smaller lengths or ring structures, a chemical compound known as a furan is formed. This is a measure of the insulating paper quality (mechanical strength) and hence an indicator of the consumed lifetime of a transformer [19] .
Excessive water content in transformer insulation decreases its breakdown strength. Ultimately it results in the loss of insulation performance. The dissipation factor is a measure of the power lost in the transformer oil during the operation of transformer [17] . It increases as per the deterioration of the oil. Similarly, the total acidity of transformer oil is another indication for the deterioration of the overall insulation system of the transformer. The total acidity increases continuously with extended service periods of the transformer insulation, and can therefore be used to indicate the health of the insulation [17, 19] . In addition to these factors of transformers, there are some other significant exterior factors which belong to visual inspection, maintenance and operation history, and design and fabrication [24] . Visual inspection of the transformer exterior reveals important perceptible data. Oil leaks, inoperative gauges, presence of dust and dirt, cracked bushings and oil colour are examined as per the details given in Table 1 [25, 26] . The maintenance and operation history of transformers provide the information regarding the major failures and repairs of each component of the transformer [25] . Similarly, the information regarding the design specifications of each component is provided by the manufacturer [27] . At times it is observed that the effective performance of transformers is decided by the type of radiator, cooling, bushing and fire protection system, detailed in Table 1 .
In the proposed multi-attribute analysis, each of the attributes corresponding to A 1 , A 2 , A 3 and A 4 has been divided into four groups (i=1 to 4) namely, low, medium, high and very high (VHigh). The ranges or conditions for these four groups of every attribute were given in Table  1 . Subsequently, the four groups of each attribute have been assigned appropriate scores or weights (w) between 0 and 10. The minimum and maximum limits of the weights for these four groups are 0 2. A . The total ranges obtained by the individual four groups of the attributes corresponding to A 1 , A 2 , A 3 and A 4 are given in Table 2 . As discussed above, the set of minimum scores assigned to each of the attributes according to the four groups are given as
to  An appropriate score assigned to the attribute based on its present value/condition is computed by using (1) [28, 29] . It can exist in any of the four groups of that particular attribute.
where,
x is the present value of the attribute/test, and i g and i h are the lower and upper limits of the four groups corresponding to that attribute. In this work, in total twenty-five transformers were tested and examined to validate the present approach. For the sake of brevity, the detailed analysis of five transformers has been presented in Tables 3 and 4 . However, final results of all the transformers are given in section 3.
Further, the scores obtained for attributes corresponding to 1 A , 2 A , 3 A and 4 A have been summarized [29] . These are denoted by 1 X , 2 X , 3 X and 4 X . These summarized values can exist in any of the four corresponding groups given in Table 2 . These values can determine the overall health condition of the transformers. However, the health assessment of transformers based on these values 1 2 3 4 (i.e. X , X , X and X ) is not reliable. It is very often observed that 1 X may lie in group 1, whereas the other inputs lie in some other groups [29, 30] . In such cases it is difficult to determine the overall condition of a transformer. Consequently, it necessitates further investigations of these inputs in evaluating the accurate health condition of transformers. Therefore, a new fuzzy logic based health index model has been proposed in the present work to determine the overall health condition of transformers. The flow chart given in Figure 1 discusses the proposed methodology of the present work. 
The Proposed Fuzzy-Logic Health Index Model
In the present work, the total scores obtained by the four categories 1 X , 2 X , 3 X and 4 X have been used as inputs for the proposed fuzzy model. Based on these four inputs, the overall health index assessment of transformers follows three different stages of fuzzy logic namely, fuzzification, fuzzy inference and defuzzification respectively. These stages are discussed in the following sub-sections.
A. Fuzzification
Fuzzification converts the precise inputs into fuzzy (i.e imprcise) by using the suitable membership functions (MFs) [31, 32] . A membership function (MF) is a curve that defines how a given input is mapped to a degree of membership (DOM), between 0 and 1, of the fuzzy sets (imprecise sets) [33] . It has different shapes namely, triangular, trapezoidal, Gaussian and Gauss2. In the present work, a commonly utilized trapezoidal MF is used to represent the four inputs (i.e. from 1 X to 4 X ) of the proposed model. It is given by (2) [34] .
where X is an input. a and b are the lower and upper limits of the trapezoidal MF ( Figure   2 ), and 1 c and 2 c are its centers [33] . Inputs between 1 c and 2 c of the MF attain a maximum DOM of unity. Whereas, the input between a and 1 c , or between 2 c and b , have a DOM less than unity. Thus, the fuzzification converts the inputs from precise to fuzzy (imprecise), between 0 and 1. In the present work, the inputs of the proposed model were fuzzified into four trapezoidal shaped MFs (fuzzy sets) namely Low, Medium, High and Very High (VHigh) respectively, as shown in Figure 2 . The lower and upper limits for the MFs of each input were selected in accordance to Table 2 .
An overlap of 10 was maintained between the adjacent MFs of 1 X and 3 X , whereas it was set as 5 for 2 X and 4 X adjacent MFs. At these values, the adjacent MFs of each input can achieve 50% overlap, in accordance to [18, 32] . For each MF, 1 c and 2 c can be obtained from the overlaps between the adjacent MFs and the lower and upper limits [18] . The determination of the overall health condition of the transformers based on the designed fuzzy sets is more reliable than that based on precise sets [33] . 
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Similarly, the plots were obtained for the MFs of remaining three inputs. The lower and the upper limits, and the centers for each of the four MFs for the inputs are given in Table 5 . The output of the proposed model (i.e. transformer overall health index) covers the range between 0 and 1. It is divided into four trapezoidal shaped MFs namely Excellent, Good, Poor and Worst, shown in Figure 3 . The limits for these output MFs were selected as per [32] . An overlap of 0.1 was maintained between the adjacent MFs of the output, following the same 50% overlap between any two adjacent MFs (as in case of the input MFs). The transformers with an Excellent health index not require any remedial action, those with a Good index requires filtration of its oil, while that with a Poor health index requires reclamation. Transformers with Worst health index require immediate replacement [12, 13] . Figure 4 shows the schematic representation of the proposed FL based transformer overall health index model. The values for the inputs of the model correspond to Transformer 1, detailed in Tables 3 and 4 . Based on these inputs, the corresponding output i.e. overall health index (OHI) of the transformer obtained from the FL model is also seen in the figure. Chilaka Ranga, et al.
In case of Transformer 1, the total scores obtained by 1 X , 2 X , 3 X and 4 X are 41. 13, 11 .57, 46.88 and 12 respectively. 1 X =41.13 corresponds to a DOM of 1 within the Medium MF, by using (2). DOMs of 1 within the Medium MF were also found for 3 X and 4 X .
However, in case of 2 X with a value of 11.57, there are two possible DOM values of 0.686 within the Excellent MF, and 0.314 within the Good MF respectively. Thus the precise inputs were converted into imprecise form. The corresponding output MFs based on these fuzzified inputs have been determined in fuzzy inference stage of the method.
B. Fuzzy inference
Fuzzy inference is the process of mapping the inputs with output by specifically designed rules [33] . In the present work, a widely used Mamdani maximum-minimum fuzzy inference method is used. This method determines the output MFs based on the set of fuzzified inputs and the designed fuzzy rules. Further it truncates the output MFs at their minimum DOM value [33] .
In the present model, a total of forty specially designed fuzzy rules detailed in Figure 5 were generated based on the four inputs. Input 1 was given the highest priority in the design of the fuzzy rules. The reason is that the data corresponding to tests and measurements of transformers consist of very pertinent information regarding the health condition. Subsequently, input 3 X and 2 X were given priority next to input 1. For every condition of 1 X (from Low to VHigh) there are many possible combinations from the other three inputs. Thus, for each of the four conditions for 1 X , the most commonly identified combinations of the other three inputs were adopted. For instance, for a Low range of 1 X , the most commonly identified situations of the other three inputs are detailed in Table 6 . Table 6 . Fuzzy rules generated between the Low range of 1 X and the commonly identified combinations of the other three inputs.
The designed fuzzy rules numbered from 1 to 4 in Figure 5 were formed accordingly (i.e. as per Table 6 ). Similarly, the remaining fuzzy rules were generated in such a way so as to cover all the possible health conditions of the transformer. The representation of various shapes seen in Figure 5 is detailed in Table 7 . The red-coloured vertical lines in Figure 5 indicate the four inputs corresponding to Transformer 1. The limits of all unfilled shapes as well as darkly filled areas specify the lower and the upper limits of the MFs in the designed fuzzy rules. The interpretation of four out of the forty rules in Figure 5 is given below to aid understanding of the rules.
Rule 1: IF (each of the four inputs is Low) THEN (the overall health condition of the transformer is Excellent). Rule 6: IF (each of the four inputs is Medium) THEN (the overall health condition of the transformer is Good). Rule 29: IF (input2 is Low) AND (each of the other three inputs is Medium) THEN (the health condition of the transformer is Good). Rule 40: IF (input2 is VHigh) AND (each of the other three inputs is High) THEN (the health condition of the transformer is Poor).
In the present work, the Mamdani maximum-minimum fuzzy inference method is used to determine the output MFs from the given set of inputs. It truncates the output MFs at their minimum DOM values. Such a truncation is shown in Figure 6 in relation to executed Rules 6 and 29, applied to Transformer 1. The input MFs are shown in the first four boxes, and the output MF is shown by the blue coloured box. The output MFs as per inputs 1 X , 3 X and 4 X for this test case were Good with a DOM of 1, but for input 2 X the output MF was Good having DOMs of 0.314 and 0.686. The fuzzy inference method therefore truncates the output MFs at the lower DOM values i.e 0.314 and 0.686 respectively. Consequently, the output MF according to the remaining thirty-eight fuzzy rules depicted in Figure 5 was zero, for the same set of inputs of Transformer 1. The reason is that one or more inputs in this test case did not lie within the ranges specified in these thirty eight fuzzy rules. The final precise output from the truncated output MF is determined using the defuzzification stage of the model. 
C. Defuzzification
A precise quantitative value from the truncated output MFs is determined in defuzzification stage of the method. In the present work, defuzzification was performed by the most popular center of gravity method. It determines the center of gravity or the centroid ( 0 Z ) of the area bounded by the truncated output MFs [33, 34] . It is obtained by Figure 7 . Defuzzification of the truncated output MF using the centre of gravity method.
where z is the output variable and ( ) z  is the DOM of the truncated output MF. For Transformer 1, the given set of inputs was truncated the Good output MFs. Its centroid which is the quantitative overall health index (OHI) of transformers was obtained as 0.6 (Figure 7) . This value indicates that the health condition of Transformer 1 is Good. However the transformer requires continuous supervision and maintenance for its better performance [35] . Similarly, the health indexes for the remaining transformers were determined by the proposed FL method, and given in Table 8 . The corresponding health conditions are also indicated in the table. Furthermore, the health conditions of transformers based on different tests and measurements (mainly DGA, BDV, DP, FP and IFT) and the experience of transformer diagnostic experts as well as field engineers [24] [25] [26] [27] are given in column 8 of the table. The Fuzzy Logic Expert System for Optimum Maintenance of Power MVA ratings of the transformers are in the range 5-50 MVA, and their kV ratings are in the range 6-220 kV. These transformers are operated by HPSEB, India.
From Table 8 , it is observed using the proposed FL method that the overall health condition of transformers 2, 5, 7, 9, 12, 17, 20, 21 and 25 is Excellent. Whereas, the health condition for transformers 1, 6, 8, 10, 15, 22 and 24 is Good, and it is Poor for transformers 3, 16, 18, and 23 . Similarly, the health condition of the transformers 4, 11, 13, 14 and 19 is Worst. The health conditions obtained for these twenty-five transformers based on the various conventional test results and the experience of transformer diagnostic experts [24] [25] [26] [27] can also be observed from the table. However, these results are different in case of transformers 3, 8, 11, 12, 13, 18, 19, 21 and 23. The reason for this is that the diagnostic experts evaluate the health condition of the transformers based on a fewer number of the test results. Whereas the proposed FL method depends on a combined influence of all the factors of transformers including several test results.
For instance, in case of Transformer 3, the overall health condition based on tests data and experts knowledge was Good. But this output is not reliable and accurate. This is because some test results of the transformer exist in Good range of health condition (Tables 3 and 4 ), and a few of them lie in Poor range. Therefore, an accurate health assessment of the transformer is not achievable by this approach. Consequently, these shortcomings have been successfully overcome by the proposed FL method. For the same test transformer, the overall health index based on all the influencing factors was obtained as 0.35, using the proposed FL method. It indicates a Poor health condition of the transformer. This output is different from the conventional method output. This is due to the reason that the total scores gained by the attributes corresponding to A 2 , A 3 and A 4 are high. Also the transformer had been subjected to various types of severe faults at several times and hence the degradation rate of the insulation is high. Therefore, this transformer requires reclamation to improve its operating performance. Thus, the proposed FL model accurately determines the overall health index of transformers based on several influencing factors. Further, the results of the present method3 have been compared with those determined in accordance to the method proposed in [32] . The FL model in [32] relies upon six inputs viz. water content, acidity, BDV, DF, 2-FAL and TDCG (Table 3) , and a reduced set of thirty-three specially designed fuzzy rules. However, six inputs each with more than three MFs generate a large number of possible fuzzy rules. Consequently, a reduced set of fuzzy rules may not incorporate the impact of all the considered inputs, thus may result sometimes in an inaccurate output health index for the transformers. Also the specially designed fuzzy rules may vary from expert to expert. Such shortcomings of previously proposed fuzzy logic models have been successfully overcome in the present work by integrating the multi-criterion analysis with the proposed FL method.
Comparative analysis of both the methods (i.e. the proposed and that given in [32] ) shows that the health conditions of 24 transformers out of 25 are similar as summarized in Table 8 . It indicates that 96% of the results of both the methods are identical. However, for transformer 4 (Tables 3 and 4 ) health condition obtained is Worst, using the present proposed model, whereas, for this transformer, Poor health condition has been obtained using the method given in [32] . For Transformer 4, X 1 =73.86, X 2 =32.68, X 3 =84.67 and X 4 =34.5, it is observed from Table 2 that the values of X 1 to X 4 exist in their respective VHigh range thereby, resulting in Worst output health condition of transformer. Thus, the proposed multi-criterion, multiattribute based FL model accurately determines the health index of the transformer. The last column of Table 8 presents the transformer health conditions based upon the opinion of the diagnostic experts [24] [25] [26] [27] . The results obtained by the proposed method are quite comparable to the views of the field experts. These further validate the efficacy and efficiency of the proposed method. Based on the health conditions of the transformers anticipated timely remedial actions can be initiated so as to improve their operating performance and operating life span.
Conclusion
The present paper proposes a new fuzzy logic model to determine the overall health index of transformers. It incorporates the data obtained from several influencing factors of transformers which are categorized in to four attributes namely, tests and measurements, visual inspection, maintenance and operation history, and design and fabrication. Each attribute is divided in to four groups viz. low, medium, high and very high. Based on the ranges attained by the four categories, the fuzzy logic model has been designed to find the overall health index. The proposed methodology is very accurate, reliable and overcomes the shortcomings of the power transformer conventional health assessment methods which are normally based on fewer of the diagnostic tests results. The proposed method also suggests remedial actions to be initiated to improve the health index of the transformer.
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